Abstract: Objective: Source localization of interictal epileptic discharges (IEDs) is clinically useful in the presurgical workup of epilepsy patients. It is usually obtained by equivalent current dipole (ECD) which localizes a point source and is the only inverse solution approved by clinical guidelines. In contrast, magnetic source imaging using distributed methods (dMSI) provides maps of the location and the extent of the generators, but its yield has not been clinically validated. We systematically compared ECD versus dMSI performed using coherent Maximum Entropy on the Mean (cMEM), a method sensitive to the spatial extent of the generators. Methods: 340 source localizations of IEDs derived from 49 focal epilepsy patients with foci well-defined through intracranial EEG, MRI lesions, and surgery were analyzed. The comparison was based on the assessment of the sublobar concordance with the focus and of the distance between the source and the focus. Results: dMSI sublobar concordance was significantly higher than ECD (81% vs 69%, P < 0.001), especially for extratemporal lobe sources (dMSI 5 84%; ECD 5 67%, P < 0.001) and for seizure free patients (dMSI 5 83%; ECD 5 70%, P < 0.001). The median distance from the focus was 4.88 mm for ECD and 3.44 mm for dMSI (P < 0.001). ECD dipoles were often wrongly localized in deep brain regions. Conclusions: dMSI using cMEM exhibited better accuracy. dMSI also offered the advantage of recovering more realistic maps of the generator, which could be exploited for neuronavigation aimed at targeting invasive EEG and surgical resection. Therefore, dMSI may be preferred to ECD in clinical practice. Hum Brain Mapp 39:218-231, 2018.
INTRODUCTION
Magnetoencephalography (MEG) source localization can improve the placement of intracranial EEG electrodes (iEEG) and guide cortical resection in drug-resistant epilepsy patients [Knowlton et al., 2006; Ryvlin et al., 2014; Stefan et al., 2003] .
Localizing the generator of interictal epileptiform discharges (IEDs) from MEG recordings consists in solving an ill-posed inverse problem. Several source localization techniques have been proposed such as equivalent current dipole (ECD) or distributed magnetic source imaging (dMSI) [Dale and Sereno, 1993; Darvas et al., 2004] . However, ECD method is the only method clinically validated and approved [Bagic et al., 2011; Barth et al., 1982; Bast et al., 2004; Knowlton et al., 1997; Stefan et al., 2003] . ECD assumes that IEDs are generated by point sources, characterized by three spatial coordinates, a magnitude and an orientation [Scherg and Von Cramon, 1985] . It is operatordependent and can provide misleading localizations when the signal to noise ratio is low or when the epileptic focus is spatially extended [Hara et al., 2007; Kanamori et al., 2013; Kobayashi et al., 2005; Shiraishi et al., 2005] . Other methods of distributed magnetic source imaging (dMSI) fit better the evidence that scalp IEDs arise from large sources Merlet and Gotman, 1999; Schiller et al., 1998; Tao et al., 2007] , as they assume the generator to be extended along the patient's cortical surface [Dale and Sereno, 1993] . Unlike ECD, dMSI is operator-independent, is robust to low signal to noise ratio and provides maps of cortical activations (see Tanaka and Stufflebeam [2013] for a review). In such context, the method entitled coherent Maximum Entropy on the Mean (cMEM) has been proposed and extensively evaluated by our group for its robustness and ability to recover the spatial extent of the IEDs generators along the cortical surface Grova et al., 2016; Heers et al., 2016; Pellegrino et al., 2016a] . Despite these positive properties, there is no evaluation of the clinical yield of dMSI.
We compared standard ECD to dMSI over a large dataset of MEG data from well-characterized epilepsy patients, whose epileptic generator had been identified by invasive EEG (iEEG), surgery or a definite focal epileptogenic brain lesion. dMSI was performed with cMEM. Previous evidence suggests that similar spatial accuracy for the main peak of the generator could be achieved by minimum norm estimate (MNE) or standardized low-resolution electromagnetic tomography (sLORETA) [Chowdhury et al., 2013 Grova et al., 2016; Hedrich et al., 2017; Heers et al., 2016] , whereas only cMEM could provide a localization sensitive to the underlying spatial extent of the generator and limited occurrence of distant, probably spurious, secondary sources [Heers et al., 2016] .
MATERIALS AND METHODS

Patient Selection
This study complies with the Code of Ethics of the World Medical Association (Declaration of Helsinki). It was approved by the Montreal Neurological Institute Research Ethics Board and all patients signed a written informed consent prior to participation. Acquisitions were done at the Psychology Department of University of Montreal from 2006 to 2012 and at Montreal Neurological Institute McConnell Brain Imaging Center afterwards. We selected patients from our MEG database who fulfilled the inclusion criteria of a focal epilepsy with a well-defined epileptic focus. Exclusion criteria were <5 IEDs, magnetization artifact, and presence of extensive brain lesions (e.g., polymicrogyria).
Definition of the Epileptic Focus
The ground truth definition of the epileptic focus was based on the combination of iEEG, epileptogenic MRI lesions, and cortex surgically resected [Pellegrino et al., 2016a; Pittau et al., 2014; Ryvlin et al., 2014] . For mesial temporal lobe patients, the epileptic focus included the lateral temporal regions and the mesial ones, to account for spikes depicted in scalp recordings as being generated in the temporal neocortex or propagated from mesial r Distributed Magnetic Source Imaging in Epilepsy r r 219 r generators [Koessler et al., 2015; Merlet and Gotman, 1999] . Before MEG analysis, the epileptic focus was manually drawn by two expert epileptologists (G.P. and E.K.) on each patient's MRI cortical surface.
MEG Acquisitions and Preprocessing
Simultaneous MEG/EEG scans were performed in agreement with the American Clinical Magnetoencephalography Society (ACMEGS) guidelines [Bagic et al., 2011] , using a CTF-MEG-system (MISL, Vancouver, Canada -275 MEG gradiometers) with the patient lying down in a supine position. EEG analysis was not conducted for this study. Eye movements, heartbeat, and head position were continuously monitored with dedicated sensors. The sampling frequency was 600 Hz or higher (except for the first 3 patients scanned with a sampling frequency of 480 Hz). Acquisitions lasted about 1 h, divided in 6 min runs. Data preprocessing consisted of: third-order spatial gradient noise cancellation, DC removal, 60 Hz notch filter, bandpass filter , resampling to 600 Hz, visual identification of epileptic discharges, marking, and data segmentation (21,000 ms to 1000 ms, 0 ms being the spike peak) [Heers et al., 2016; Pellegrino et al., 2016a,b] . MEG spikes were marked at their peak and grouped according to morphology and topography. Spikes belonging to the same group and run were averaged (at least five spikes) constituting a "study" Each study, therefore, corresponded to an average of at least five IEDs of the same type and within the same run, was characterized by specific MEG time-course, MEG-MRI registration, and head model.
MRI and Forward Model Estimation
The head model was built from each patient's highresolution MRI (Siemens Tim Trio 3T scanner), using a T1W MPRAGE sequence with the following parameters: 1 mm isotropic 3D images, 192 sagittal slices, 256 3 256 matrix, TE 5 2.98 ms, TR 5 2.3 s. The cortical mesh of the "mid" layer equidistant from the white/grey matter interface and the pial surface was reconstructed using the Freesurfer toolbox [Dale et al., 1999] . Brainstorm software was used to reconstruct the inner skull surface, while coregistration between patient's MRI and functional MEG data was obtained through surface fitting between the anatomical head shape derived from the MRI and the head points digitized from the patient using a Polhemus localization system at the time of the acquisition [Tadel et al., 2011] . A single sphere head model was used for ECD, as indicated in the guidelines [Bagic et al., 2011] , and a 1-layer boundary element method (BEM) using OpenMEEG method [Gramfort et al., 2010] was considered for dMSI. A comparison across multiple head models (single sphere, overlapping spheres, and BEM) was also performed.
Source Localization Methods
Source localization was performed within a time window of 10 ms around the peak of the discharge. For ECD, single dipoles were fitted considering all MEG channels and without any a priori definition of the initialization point. A diagonal noise-covariance was modeled from a 1s baseline without any visually identified IEDs. dMSI methods, including cMEM, provide spatio-temporal maps of current density along the cortical surface at every time sample of interest. Among the multiple dMSI approaches available-LORETA, Minimum Norm Estimation (MNE) and many more [Tanaka and Stufflebeam, 2013 ]-we considered cMEM because (a) it has been specifically developed for the localization of IEDs; (b) it has the advantage of improving the contrast between the epileptic generator and surrounding regions, and (c) it is sensitive to the spatial extent of the generator along the cortical surface. cMEM is a probabilistic approach, offering an efficient framework to incorporate prior knowledge in the resolution of the source localization inverse problem [Amblard et al., 2004] . Brain activity is assumed to be organized by cortical parcels. A data-driven parcellation (DDP) method is used to cluster the whole cortical surface into K nonoverlapping parcels [Lapalme et al., 2006] , using partial information from the available data to guide this spatial clustering. The key aspect of DDP lies in the prelocalization of the sources of brain activity using the multivariate source prelocalization (MSP) method [Mattout et al., 2005] , a projection method estimating, for each dipolar source, a coefficient, assessing its possible contribution to the data. DDP in K parcels is then obtained using a region-growing algorithm around the local maxima of the MSP map. In the MEM reference model, a hidden variable is associated to each parcel to model the probability of the parcel to be active or not (probability initialized using the MSP coefficients). In summary, using such a model, MEM provides an interesting framework allowing switching off the parcels that do not contribute to the solution, while preserving the ability to create a contrast of current intensities within the active parcels. In this study, we considered the coherent MEM method (cMEM), which further imposes a spatial smoothness constraint within each parcel. We have carefully evaluated the ability of cMEM to provide an accurate contrast along the spatial extent of the generator [Chowdhury et al., 2013 Grova et al., 2016; Hedrich et al., 2017; Heers et al., 2016] . The implementation of cMEM used in this study is available within the "Brain Entropy in space and time (BEst) plugin" in Brainstorm software (http://neuroimage.usc.edu/brainstorm/Tutorials/TutBEst/). The reader is referred to Chowdhury et al. [2013] for further methodological details.
Measures of Performance and Statistical Analysis
We performed a study-based qualitative analysis based on the assessment of sublobar concordance with the focus, Sublobar concordance of ECD (or dMSI maximum) and the epileptic focus was defined on 20 sublobar regions [Pellegrino et al., 2016a] . We also performed a comparison restricted to the subgroup of cases corresponding to patients associated with a good postsurgical clinical outcome (Engel Class 1) .
Quantitative analyses included (a) the minimum Euclidean distance (Dmin, expressed in mm) between the ECD (or dMSI map maximum) and the epileptic focus and (b) reproducibility based on the comparison of ECD and dMSI Dmin interquartile ranges of patients with multiple studies. Dmin provides a quantitative and reliable performance assessment, unbiased by the arbitrary selection of cortical regions [Pellegrino et al., 2016a] . In our analysis, we needed to take into account the intrinsic properties of the two methods which might bias the results toward a better performance of one or the other technique. As dMSI is localizing sources constrained along the cortical surface whereas ECD is not, and dMSI recovers a cortical region whereas ECD localizes only one point, we also considered the following additional comparisons for Dmin: a. dMSI maximum versus ECD projection to the closest point of the cortical surface (ECDproj); b. dMSI map thresholded at 30% of its maximal amplitude [Heers et al., 2016] (dMSImap) versus ECD; c. dMSImap versus ECDproj.
The empirical level of 30% threshold for cMEM has been carefully tested in previous methodological and clinical investigations (Heers et al., 2014 (Heers et al., , 2016 Papadelis et al., 2016; Pellegrino et al., 2016a; von Ellenrieder et al., 2016] . For this study, we also evaluated that, because of the excellent contrast provided by cMEM maps, a relatively large range of threshold values had limited impact on the size of the generator (See Supporting Information, and Supporting Information, Figs. 2 and 3 for further details). Indeed, cMEM provides maps with high contrast between the generator and surrounding regions, as also demonstrated by our previous studies [Chowdhury et al., 2013 [Chowdhury et al., , 2015 Grova et al., 2006; Hedrich et al., 2017] .
In addition to the study-based statistical analysis, a patient-based comparison of the two techniques was also performed for the two most relevant metrics, namely sublobar concordance and distance of the dipole/dMSI maximum from the epileptic focus. For patients with multiple Schematic representation of the quantitative performance measures under investigation. Dmin is the Euclidean distance expressed in mm between the source and the focus. The two main measures under investigation were (a) Dmin dMSI, which is the distance between the maximum intensity (one single vertex) of the cMEM cortical map and the closest point of the focus and (b) Dmin ECD, which is the distance between the ECD and the closest point of the focus. As ECD and dMSI are two very different methods, we also considered complementary measures: (a) Dmin ECDproj, which is the distance between the ECD projected to the closest cortical vertex and the closest point of the focus and (b) Dmin dMSImap, which is the distance between the border of cMEM cortical map thresholded at 30% and the closest point of the focus. studies, sublobar concordance was defined when concordant studies occurred more than discordant ones, and Dmin was computed as median Dmin across studies.
McNemar's tests were used to assess differences of sublobar concordance. Wilcoxon Signed-Rank tests were used to assess Dmin and interquartile range differences. Significance levels were set at P < 0.05.
RESULTS
A total of 340 studies from 49 patients (age 29.98 6 10.48 years, 28M-21F, median studies per patient 5 6) were analyzed, 134 of which were from mesial temporal lobe patients. Clinical details are reported in Table I . The ground truth definition of the epileptic focus was based on: MRI lesion alone (12 patients), iEEG 1 MRI lesion (6), iEEG 1 Surgery (3), MRI lesion 1 Surgery (16), MRI lesion 1 iEEG 1 Surgery (12). The size of the focus delineated manually along the cortical surface ranged from 33.85 to 461.78 cm 2 , with a median size of 80.51 cm 2 . A reliable follow-up was available for 25 patients (extratemporal 5 17, temporal 5 8), corresponding to 167 source localizations for which surgical outcome were distributed as follows: Engel 1 5 96, Engel 2 5 11, Engel 3 5 27, and Engel 4 5 33 (Table I) . Engel Class 1 outcome corresponds to a very good clinical outcome, with patients free of disabling seizures, whereas Engel Class 4 outcome corresponds to a poor outcome with patients showing no worthwhile clinical improvement. Engel Class 1 outcome is usually achieved when the generator of epileptic seizures is fully resected .
Sublobar Concordance
Sublobar concordance with the epileptic focus was significantly higher for dMSI when compared to ECD (235/ 340 (69%), 277/340 (81%), McNemar's v 2 5 19.547, P < 0.001) (Table II and Figs. 2A and 3-6 ). dMSI concordance was higher for both temporal and extratemporal For all the studies, the first line shows the topography of MEG signal, the second line shows the cMEM source localization, and the third line shows the ECD source localization. dMSI accurately localizes the generator for all the studies, which is concordant with the anatomical lesion and provides an estimation of the spatial extent of the generator. ECD shows a good performance; however, the dipole is sometimes shifted toward the midline (especially for the studies 1 and 5). The cortical surface of the source localization pictures has been inflated and is shown with transparency for ECD to allow the visualization of deep dipoles. dMSI maps have been thresholded at 30% of the local maximum. (Table II, Fig. 6 , and Supporting Information, Fig. 6 ), even though no statistically significant difference was found for temporal lobe. Out of 98 concordant temporal ECD sources, 44 were localized deep within the temporal lobe (11 in the subcortical white matter and 33 deeper in more mesial structures) (Fig. 5 and Supporting Information, Fig. 6 ). As epileptic activity generated within the mesial part of the temporal lobe cannot be recorded with sufficient amplitude to be seen from scalp recordings [Koessler et al., 2015; Merlet and Gotman, 1999] , these results may appear methodologically inconsistent and incongruent with the clinical hypothesis. When excluding mesial temporal regions from the focus, ECD sublobar concordance drops from 235/340 (69%) to 191/340 (56%). The comparison restricted to the cases with a good post-surgical outcome (i.e., seizure freedom, Engel Class 1) showed significantly higher sublobar concordance for dMSI than ECD (McNemar's v 2 5 9.600, P 5 0.001). Finally, when considering a patient-based analysis, dMSI showed a significantly higher sublobar concordance than ECD (42/49 (86%) vs 34/49 (69%), McNemar's v 2 5 4.900, P 5 0.021) (Fig. 7 Panel A).
Distance and Reproducibility
The median distance between the dipole and the epileptic focus (Dmin) over all source localizations considered was smaller than 5 mm for both methods (4.88 mm for ECD and 3.44 mm for dMSI; Table II ). dMSI was significantly better than ECD, but the effect size was small (1-2 mm difference of the median) (Wilcoxon Signed-Rank Test, z 5 24.827, P < 0.001) (Table II and Fig. 2B ). These results were similar for temporal and extratemporal studies (Table II) . These results were confirmed when considering a patient-based analysis, with dMSI finding the generator closer to the epileptic focus than ECD (Wilcoxon Signed-Rank Test z 5 22.044, P 5 0.041) (Fig. 7 Panel B) .
Reproducibility between studies for each patient showed no significant differences in interquartile ranges of Dmin Refractory epilepsy related to focal cortical dysplasia of the right frontal operculum. From left to right: postsurgical MRI, MEG signal of the average IED for each study, topography of MEG signal, dMSI source imaging, and ECD source localization. MEG signals were highly reproducible. The generator recovered by dMSI is concordant with the epileptic focus and provides an estimate of its extent. ECD source localization is concordant with the focus and very consistent as well. The dipole was however quite deep, close to the insula. It is almost impossible to appreciate it through the cortical surface and it has been displayed over brain sections in right last columns. [Color figure can be viewed at wileyonlinelibrary.com] 
Properties of the Two Methods
After projecting every ECD to the closest vertex on the cortical surface (median (range) distance 5 3.51 (35.80) mm), ECD-projected Dmin became significantly lower than dMSI Dmin (z 5 25.896, P < 0.001) (Fig. 2C) . However, dMSI was providing better performance than ECD when taking into account the spatial extent of the generators (Figs. 2D, 3, and 4) . Indeed, when considering cMEM maps thresholded at 30% of their maximum value, Dmin dMSI was significantly lower than both Dmin ECD (z 5 215.673, P < 0.001) and Dmin ECD projected to the closest cortical point (z 5 26.590, P < 0.001) (Fig. 2D) .
Finally, we observed that at the level of our proposed quantitative evaluation, the choice of the head model had no significant impact on both Dmin ECD and Dmin dMSI (single sphere vs overlapping spheres for ECD and overlapping spheres vs BEM for dMSI, Mann-Whitney test, P > 0.200 consistently) ( Supporting Information, Fig. 4 ).
DISCUSSION AND CONCLUSION
Our systematic validation of the performance of dMSI using cMEM in comparison with the clinically approved ECD showed that both methods localize the IEDs generator very close to the epileptic focus, with dMSI providing significantly better performance. The difference in sublobar concordance suggested that ECD exhibited more often distant failure when compared to dMSI (31% vs 19%, Fig. 1A) . Such difference is clinically relevant particularly when focusing on the source localizations in those patients who had undergone a complete resection of the epileptic focus and became seizure-free after surgery (Engel Class 1) (83% vs 70% sublobar concordance).
Our cohort included patients with extratemporal and mesial temporal epilepsy. Those with mesial temporal epilepsy are not ideal candidates for MEG, as the epileptic focus can be well defined with video-EEG monitoring, neuropsychology evaluation, and high-resolution MRI [Mosh e et al., 2015; Ryvlin et al., 2014] . However, also for these cases, dMSI outperformed ECD, possibly because of its ability to model spatially extended generators [von Ellenrieder et al., 2016] . In our experience ECD could be found at any depth in the temporal lobe, up to the mesial temporal structures (Fig. 5, Supporting Information, Fig.  6 ), but epileptic activity confined to deep regions cannot generate signals of sufficient large amplitude to be detected on the scalp, and detected signals more likely result from propagated activities [Koessler et al., 2015; Merlet and Gotman, 1999] . When excluding the mesiotemporal structures from the presumed generator, ECD sublobar concordance would drop from 69% to 56%. Deep dipoles often correspond to large generators located in the lateral and polar temporal neocortex. Their interpretation requires special attention as there is no unambiguous way to disentangle deep dipoles related to deep generators from apparent deep dipoles but mislocalized because of spatially extended sources [Ebersole and Ebersole, 2010; Gloor, 1985] .
The study of Dmin, a measure of absolute distance insensitive to the criteria to define sublobar regions, confirmed the overall superiority of dMSI using cMEM and also highlighted that the median difference between the two techniques was only a few millimeters. Dmin might not be the most appropriate metric to evaluate the performance of ECD, as the latter requires some degree of interpretation to figure out the generator linked to the dipole. Indeed, the combination of the dipole location and its orientation are two important parameters to be considered for clinical interpretation. In this respect, for quantitative evaluation purposes, we added the study of the distance from the focus of the ECD projection on the cortical surface and showed a significantly better performance of ECD projection when compared to dMSI maximum, but again the median difference was just a few millimeters. However, when taking into account the extent of the generator estimated by dMSI (dMSI map), the median Dmin dropped to 0 mm, suggesting that most often dMSI generators spatially overlapped with the epileptic focus, therefore performing far better than ECD. Finally, both methods showed a comparable degree of within subject reproducibility (Fig. 4 and Supporting Information, Fig. 5 ). Comparable results were also confirmed at patient level analysis (Fig. 7) . In this respect, two very different methods give approximately the same result and converge to provide a useful clinical solution.
As opposed to point-sources localized with ECD, dMSI has the definite advantage of estimating the spatial extent of the generator (Figs. 2, 3 , and 5). This feature, which has been carefully validated with dedicated iEEG-MEG studies for the cMEM algorithm used in this study , can assist the clinician in cases where cortex needs to be targeted for invasive EEG electrodes positioning or for surgical resection, and can be exploited for neuronavigation purposes. A systematic comparison of multiple dMSI approaches was beyond the scope of this investigation. As already pointed out, previous evidence suggests that similar spatial accuracy for the main peak of the generator could be achieved by minimum norm estimate (MNE) or standardized low-resolution electromagnetic tomography (sLORETA), while only cMEM would accurately provide an estimate of the underlying spatial extent [Chowdhury et al., 2013 Grova et al., 2016; Hedrich et al., 2017; Heers et al., 2016] . To be noted that the estimation of the spatial extent of the generator for cMEM has been performed relying on an empirical 30% threshold of the cortical map. This strategy is specific for cMEM and has been previously tested in both methodological and clinical contexts [Hedrich et al., 2017; Heers et al., 2014 Heers et al., , 2016 Papadelis et al., 2016; Pellegrino et al., 2016a; von Ellenrieder et al., 2016] , whereas the excellent contrast provided by cMEM maps allows the choice of such a threshold to be less critical (Supporting Information, Figs. 2 and 3). Other inverse solutions able to provide an estimation of the spatial extent need specific approaches [Becker et al., 2014 [Becker et al., , 2017 Jung et al., 2013; Sohrabpour et al., 2016; Zhu et al., 2014] . Finally, caution should be considered when generalizing our results to all epilepsy surgical candidates evaluated with MEG, especially for those with large cortical lesions. We excluded from this study patients with a very extended lesion because of the difficulty of computing an accurate head model in such cases.
An additional advantage of using dMSI is that this technique is largely operator-independent. On the contrary, ECD is operator-dependent and often requires (a) a-priori definition of the number of dipoles to fit, (b) selection of the brain region for initializing the dipole position, (c) selection of a subsample of MEG channels for modeling multiple parts of complex sources, and (d) manual identification of a narrow time-window of interest [Bagic et al., 2011; Ebersole and Ebersole, 2010] .
The widespread use of a source localization method is very dependent on the availability of reliable and userfriendly software for daily use. This has largely favored ECD during the last 30 years, as dipole fitting toolboxes are included in the MEG scanner software [Hamandi et al., 2016] . This barrier has been recently overcome by several reliable and free toolboxes-Brainstorm [Tadel et al., 2011] , MNE [Gramfort et al., 2014; Tanaka and Stufflebeam, 2013] , and fieldtrip [Oostenveld et al., 2011] allowing distributed source imaging with a very userfriendly approach.
A recent European survey [Mouthaan et al., 2016 ] reveals that tertiary epilepsy centers already use r Distributed Magnetic Source Imaging in Epilepsy r r 229 r distributed electromagnetic source localization procedures in the presurgical workup of epilepsy patients. Our study conducted on a large sample size of patients with epilepsy, guarantees more confidence in these methods and enhances awareness about their potential and limitations. As for every source imaging technique, dMSI requires proper clinical judgment and interpretation of the results in the light of the entire clinical framework [Bagić, 2016] . As dMSI using cMEM provides robust and reproducible results and offers the advantage of being sensitive to the spatial extent of the generator to be targeted for invasive EEG or removed during epilepsy surgery, it should complement -or even replace -ECD in daily clinical practice.
